Abstracts -Structures of solvated metal ions and metal complexes in non-aqueous solvents have been investigated by means of X-ray diffraction and the results are discussed in connection with thermodynamic quantities and spectroscopic data of these species. Solvation structures of alkali metal ions with special reference to lithium ion in formarnide, of copper(ll) in N,N-dimethylformamide (DMF) and in DMF -acetonitrile (AN) mixtures, and of cadmium(ll) ion in DMF are discussed. Chioro and bromo complexes of copper(ll) ion have been investigated in DMF, AN, DMF-AN mixthres and dimethyl sulfoxide (DMSO) solutions by spectrophotometric and calorimetric measurements, and the structure of the complexes with varying numbers of ligands is estimated. The X-ray diffraction analysis of the structures of the stepwise complexes has not been carried out in these solvents.
INTRODUCTION
Anumber of methods have been proposed for the determination of solvation numbers of ions in water and in other solvents. In the historical point of view, such works have already appeared in the literature of the 1900's. Studies on solvation numbers of ions were extensively carried out in the 1930's and improvement of methods was continued until the 1960's. The methods so far employed in the classical studies are those of measuring static and dynamic properties of ions in solution in which solvated solvent molecules and bulk solvent are conventionaly separated under some assumptions. Methods such as measurements of transference numbers and diffusion velocities of ions, conductivities and compressibilities of electrolyte solutions, emf's of electrolytic cells, various thermodynamic measurements (mean activity coefficients and solubilities of electrolytes, enthalpies and entropies of solvation of ions, heat capacities of solutions, etc.), dielectric constant measurements of electrolyte solutions, and so on, have been examined and various results have been reported. Excellent reviews have been published for the problem of ionic solvation in solution by several authors with critical surveys of solvation numbers of ions so far reported in the literature (refs. 1-5) .
When nuclear magnetic resonance spectroscopy was applied to the determination of solvation numbers of ions in solution in the 1960's, a remarkable accumulation of data resulted, and it was believed that this modern method provides the most reliable result. However, when people tried to employ this method for some electrolyte solutions, metal ions which exchange solvent molecules very rapidly (substitution labile), they found that the analysis of NMR data is very difficult and sometimes leads to erroneous results. For this reason and others, few NMR measurements have been used in recent years for the determination of solvation numbers of ions in solutions. The X-ray diffraction method of solutions has long been used for structural studies of molecular liquids, molten salts and liquid metals. However, the structural analysis of dissolved species in solution was not easy, because the necessary information is usually hidden behind structural data of solvents themselves, and therefore, we had to wait until high speed electronic computers and reliable equipment became available in order to apply this method to the structural analysis of electrolyte solutions.
By the X-ray diffraction method, as well as the neutron diffraction and EXAFS (Extended X-ray Absorption Fine Structure) methods, solvation numbers of ions and the bond lengths between ions and coordinated solvent molecules have been determined with high accuracies (ref. 5). The time and space averaged solvation numbers of ions thus determined are sometimes discussed in terms of the number of solvent molecules around the relevant ions in the instanteneous structure (structure within 10 15s) estimated by computer simulations such as molecular dynamics (MD) and Monte Carlo (MC) methods.
Most studies on the structure of solvated ions and complexes in solution have been carried out in water, and very few results have been reported for non-aqueous systems. In this review, we summarize results obtained for the structures of solvated ions and complexes in some non-aqueous solvents and the structural data are discussed in connection with thermodynamic and spectroscopic data of the species found in the same solvents.
STRUCTURE OF SOLVATED METAL IONS IN NON-AQUEOUS SOLVENTS Alkali metal ions
Solvation numbers of alkali metal ions in various non-aqueous solvents have mostly been determined by measuring the transference number of the ions in solvents. A few results have been obtained from conductivity measurements of alkali halides in organic solvents. Only one experiment, as far as I know, has been carried out by the X-ray diffraction method for the determination of the solvation number of lithium ion in formamide (the solvation number of chloride ion has also been determined in the same solvent). The results so far reported for solvation numbers of alkali metal ions in various non-aqueous sovents are summarized in Table 1 .
The fractional solvation number of lithium ion in formamide obtained by the X-ray diffraction method indicates that it is an averaged number of various solvation numbers of lithium ions but the distribution of the solvation numbers remains unchanged with time, according to the view from studies of molecular dynamics simulations in aqueous solutions of lithium salts (refs. 15, 16) . It may be surprising to see that the averaged solvation number of lithium ion in formamide determined by the X-ray diffraction method accidentally coincides with the value from the measurement of the transference number of the ion in the same solvent. It should be noted that the hydration number of lithium ion obtained by the measurement of the transference number in water is sometimes extremely large (a = 22 (ref. 17) and 13 -14 (ref. 18)) compared with that from the X-ray diffraction measurement (a = 4 -6) (refs. 15, 16, 19) . T T T 13 14 13 T = Transference number, C = Conductivity, X = X-ray diffraction, a TLL. = 224 pm.
The length of the lithium-oxygen bond within the formamide-solvated lithium ion has been determined to be 224 pm ( Fig. la) 
Copper(uu) ion
Solvation of multi-charged ions, except for metal ions in group 2A, in non-aqueous solvents has scarcely been investigated, because most of these ions associate with counter anions in such solvents with relatively low dielectric constants, and thus reliable information for solvation of naked multi-charged ions is difficult to obtain in non-aqueous systems. Solvation equiliblia of the copper(ll) ion are calorimetrically and spectrometrically studied in pure DMF and in DMF-AN mixtures in which perchiorate ions are contained as the counter anions, It is known that copper(ll) ion has a distorted octahedral structure with an elongated axis in water, and the Cu- The [Cu(dmf)6J2 complex has a distorted octahedral structure, which is similar to that of the hexaaqua copper(ll) ion (see Fig. 3a ) (ref. 26 ).
On the other hand, in a DMF-AN mixture with the mole ratio of 1: 2 which contains copper(fl) ion at 0.9366 moldm3, Cu2 ion forms a square planar complex. Neither DMF molecules nor AN molecules are along the elongated axis (ref. 26) . The acetonitrile molecules detected at 330 -360 pm from the central copper(ll) ion are considered to be those in the bulk, because the• distance is too long to have a direct interaction between copper(11) ion and the acetonitrile molecules. The absence of the axial solvent molecules within the complex is due to an insufficient amount of DMF molecules in the solvent which contains a relatively high concentration of copper(ll) ions and to the weak solvation ability of AN to the ion (a small donor number of AN). The structure of solvated copper(ll) ion in AN has not been determined by the X-ray diffraction method due to a low solubility of copper(ll) perchiorate in the solvent. 
Cadmium(ii) ion
Structural determination of cadmium(ll) ion in water has been carried out by the X.ray diffraction method and it is found that cadmium ion has six water molecules within the first coordination shell with the Cd-OH distance of 
STRUCTURE OF COMPLEXES IN NON-AQUEOUS SOLVENTS
A number of investigations have been carried out for determining structures of metal complexes in various solvents and for studies of the solvent effect on the formation of various complexes. Thermodynamic measurements and spectroscopic investigations have most widely been employed for the studies. However, a very limited number of investigations have been reported in which the X.ray and neutron diffraction methods have been applied. NMR measurements have sometimes provided very useful information for the structure of complexes in non-aqueous sol. vents, and the method is extremely useful for kinetic studies of complex formation reactions in solutions.
It has often been pointed out that most complexes existing in non-aqueous solvents have similar structures to those in water, except for coordinated solvent molecules, but there are exceptions in which the structure of complexes in non.aqueous solvents differs remarkably from that in aqueous solutions.
Interesting work has been carried out by a group of Swedish solution chemists in the structural investigation of complexes in non.aqueous solutions. They also reported valuable data of thermodynamic quantities for complex forma. tion reactions in various systems. In this review we focus our attention on the structure of thiocyanato complexes of some divalent metal ions in DMF and DMSO and then we try to elucidate the role of solvents in the formation reactions of the thiocyanato complexes of cadmium(ll) ion in the solvents. Structures of some halogeno complexes of copper(ll) ion in methanol, DMF, AN, DMF-AN mixtures and in DMSO have been reviewed in this paper, most of these investigations were carried out by Japanese solution chemists. while the peak observed at about 500 pm is due to nonbonding Cd S interactions. Nonbonding Cd . N interaction is clearly observed in the differential radial distribution curve in the water system as a small peak at about 240 pm, but in the DMF and DMSO systems the peak arising from the Cd N interaction is not well distinguishable from the main peak. The first peak is larger in the water systems than in the DMF and DMSO solutions, whereas the peak due to nonbonding Cd . N and Cd . S interactions is larger in the latter systems than in the former. The analysis of the radial distribution curves, as well as the structural functions of the tetrathiocyanatocadmate(ll) complex in water, DMF and DMSO solutions reveals that the complex has the structure of [Cd(NCS)2(SCN)2}2 in water, but The different coordination structures of the tetrathiocyanatocadmate(ll) complex in water, DMF and DMSO may be ascribed to different solvation structures of thiocyanate ions in the solvents. Water having a large acceptor number may strongly solvate to the nitrogen site which is harder than the sulfur site, and thus the nitrogen atom less solvated in DMF and DMSO than in water may preferably coordinate to cadmium(ll) ion. The electron acceptability of cadmium(ll) ion may also be affected by the coordinating atoms. When a less solvated nitrogen atom which is a stronger electron donor compared to that of solvent molecules is coordinated to a cadmium(ll) ion, the cadmuim(ll) ion may become softer than that within the hexa-solvated cadmium(ll) complex. The second coordinating atom is either a softer sulfer atom or a less solvated nitrogen atom to combine with [Cd(NCS)(solvent)5} complex. Probably [Cd(NCS)J prefers the soft sulfur atom in water, because the nitrogen atom in water is still rather well solvated. On the other hand, in DMF and DMSO the less solvated nitrogen atom can atteck the cadmium(ll) ion to The [Cd(NCS)(SCN)] complex in water changes the structure from octahedral to tetrahedral at the formation of the third complex. Libration of three solvent molecules from the coordination shell at the structural change may lead to decrease in the electron density of the cadmium(ll) ion. Again a harder nitrogen atom may preferably combine with the cadmuim(ll) ion. We could not determine the structure of the trithiocyanatocadmate(ll) complex in DMF and DMSO and the above described explanation for the change in the coordinating atoms is tentative and needs further studies to confirm. However, it is very interesting to note that the coordination structure of a complex is affected by the solvent.
